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Abstract Robotic milling becomes increasingly relevant to
large-scale part manufacturing industries thanks to its cost-
effective and portable manufacturing concept compared to
large-scale CNC machine tools. Integration of milling pro-
cesses with industrial robots is proposed to be well aligned
with the aims and objective of the recent fourth industrial
revolution. However, the industrial robots introduce
position-dependent and asymmetrical dynamic flexibility,
which may reflect to the tool tip dynamics under several con-
ditions. Under such circumstances, the stability limits become
dependent on the machining location and the feed direction. In
this respect, selection ofmachining tool path patterns is crucial
for increased chatter-free material removal rates (MRR). This
paper proposes an approach to evaluate and select tool path
patterns, offered by the existing CAM packages, for increased
chatter-free MRR. The machining area is divided into number
of machining locations. The optimal feed direction is decided
based on the absolute stability at each region considering the
asymmetrical and position-dependent tool tip dynamics.
Then, the alternative tool path patterns are evaluated and the
corresponding optimum feed direction is decided for in-
creased chatter-free material removal. The application of the
proposed approach is demonstrated through simulations and
representative experiments.
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1 Introduction
The use of robots for machining processes has been increasing
for the last decades [1]. Robotic milling is one of the relevant
technologies especially for large-scale part manufacturing in-
dustries, where successful use proposes significant cost reduc-
tion. Chatter is the major limitation in milling operations [2,
3], which can be avoided by identifying the stable cutting
conditions through analysis and simulation of milling dynam-
ics and stability [2]. Stable cutting conditions are governed by
dynamic response of the system at the tool tip, which is a
coupled response of the modes contributed by the structure
of the machining unit, spindle, tool holder, tool, and some-
times the workpiece. In a recent study, it was shown that the
coupling between multiple dominant modes might lead to
important variations in stability diagrams [4]. As the flexible
dynamics of the robotic structures are considered, robotic
milling can be considered as a candidate for such a case based
on the tooling condition. In robotic milling applications, it has
been previously identified that the tool tip dynamics may be-
come asymmetrical and position dependent due to the asym-
metrical modes contributed by the flexible structure of the
robot in feed, cross feed, and spindle axis directions [5, 6].
The asymmetrical tool tip dynamics introduces a feed direc-
tion effect on the stability diagrams, i.e., stable cutting condi-
tions. Thus, the machining tool path pattern becomes an im-
portant parameter for increased chatter-free material removal
rates in robotic milling. This paper presents a new machining
tool path selection approach, which considers such effects.
In high-value manufacturing industries, selection of the
tool path pattern is very crucial to achieve the desired produc-
tivity and part quality, which currently relies on the default
templates offered by the CAM modules. This topic has been
studied by several authors either experimentally or using pro-
cess modeling and simulation techniques. In an early study on
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machining strategy selection, Feng and Su [7] studied and
integrated the approach for selection of feed direction and feed
rate velocity for 3D plane surfaces. They showed that the
shortest tool path length does not always result in maximum
efficiency due to the feed rate velocity limitations. They also
stated that the optimum cutter feed direction is in general not
unique but falls within an optimum range in the finishmachin-
ing of 3D plane surfaces. Ramos et al. [8] put an experimental
effort to compare the effect of tool path patterns such as radial,
raster, and 3D offset on surface quality in free-form surface
machining. They found out that the machining times did not
differ significantly among the machining strategies applied on
machining of the naval type impeller geometry. However, the
3D offset strategy was found out to be the most suitable pat-
tern for best surface finish and best dimensional control per-
formance. Toh [9] studied the effect of feed direction in three
main tool path patterns, i.e., offset, raster, one-direction raster,
entrance and exit angles of the cutter, and inclined milling
effects. In this study, general guidelines in selection of feed
direction leading to minimum tool path length for different
tool path patterns are derived. It was also stated that machining
with an inclination angle of 15° results in better surface quality
and tool life in ball end milling. Monreal and Rodrigues [10]
also studied the influence of tool path strategy on the actual
cycle time at high-speed milling conditions. They analyzed
different feed direction angles with raster type tool paths and
predicted the discrepancy between the programmed feed rate
velocity and the actual feed rate velocity due to the machine
tool acceleration and deceleration. Their predictions supported
that intelligent selection of the feed direction plays a signifi-
cant role in achieving decreased actual cycle times.
In surface finish machining applications, it is important to
apply a tool path pattern compatible with the surface charac-
teristics for improved surface quality. Giri et al. [11] proposed
an approach to select the machining strategy in three-axis free-
form surface milling by clustering the feed directions based on
the intrinsic properties of the surface such as curvature so that
the cutting tool traverse direction was kept compatible with
the surface characteristics. Quinsat et al. [12] studied optimal
selection of machining tool path strategies in three-axis ball
end milling of sculptured surfaces in a similar perspective.
They considered the intrinsic properties of the surface contrary
to the conventional iso-scallop strategy in the selection of the
tool path pattern, i.e., master cutter path, for sculpture surface
machining. They introduced directional beams, related to the
local surface parameters, to represent the set of feed directions
for guaranteed maximum performance. Later, Bohez et al.
[13] extended this approach to five-axis milling by using the
normalized cut clustering technique to partition the vector
fields.
With the developments in process modeling and simu-
lation capabilities, the selection of the milling tool path
pattern considering the process mechanics gained more
importance, where cutting forces and tool deflection were
taken into account. Several authors dealt with this issue
based on milling mechanics and surface quality where
cutting forces, tool deflections, maximum feed rate maps,
and surface texture are utilized to decide feed direction
and select the best tool path pattern. In an early study,
Lim and Menq [14] proposed an algorithm for selection
of the best local cutting directions, where various cutting
directions at each cutter location were compared accord-
ing to the cutting forces. The maximum feed rate map is
also generated using cutting force simulations. Lacalle
et al. [15] determined local machining directions minimiz-
ing the tool deflection at a given cutter location for better
dimensional quality. Later, Lazoglu et al. [16] extended
the process simulation-based tool path optimization ap-
proach on five-axis milling cycles by proposing a tool
path pattern optimization approach considering multi-
objectives bound to cutting forces. They selected and
compared the optimized tool path pattern for a minimum
cost traveling salesman, a minimum spanning tree, and
minimum cost connections. They showed that free-form
surface finishing tool paths can be optimized for less var-
iation in cutting forces with decreased peak values. Then,
this methodology is extended to a multi-criteria optimiza-
tion approach [17], where cutting forces, cycle time, and
scallop height were considered as objectives.
In the last decades, the robotic machining concept has
been tremendously increasing. Several authors assessed
industrial robots to be employed in machining tasks. The
main areas of research have been focused on chatter anal-
ysis and vibration response [18, 19] modeling the struc-
tural stiffness [20], feed rate, and motion planning [21]. In
these studies, it is mentioned that the industrial robots
introduce asymmetrical and position-dependent dynamic
response to the machining system. This, in return, causes
the tool tip dynamics to become significantly position-
dependent and asymmetrical in feed and cross-feed direc-
tions [5]. For such cases, the stable cutting conditions
depend on the feed direction, as well as even in simple
end milling conditions [6]. As a result, it is fair to con-
clude that the machining tool path pattern becomes an
important parameter for the stable cutting conditions con-
sidering that the feed direction is decided by the applied
tool path pattern. In this regard, this paper proposes an
approach to take into account such significant variations
in the dynamic response of robotic milling systems in the
selection of the tool path pattern for an increased chatter-
free material removal rate. The proposed approach ac-
quires the tool tip frequency response function (FRF),
either by simulations or measurements, at various machin-
ing locations among the machined areas. Then, at each
machining location, the preferable machining direction is
selected based on process stability. Finally, the machining
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directions are clustered to generate an organized tool path.
The currently available machining tool path patterns are
rated with respect to the optimized feed directions, where
the absolute stability index (ASI) and the maximum sta-
bility index (MSI) are introduced. Henceforth, the paper is
organized as follows: the robotic machining setup used in
the experiments is explained in the next section. This is
followed by a brief analysis of the dynamic response of
the robotic machining focusing on the effect of the asym-
metrical tool tip FRF on the feed direction-dependent sta-
bility. The stability-based tool path pattern selection and
evaluation are given in Section 5; the paper is finalized
with case studies and representative experiments in
Section 6 together with conclusions and outlook.
2 Robotic machining unit
The simulations and experiments are performed considering
the dynamics of the robotic milling system, which consists of
a Fanuc F200iB six degrees of freedom parallel kinematic
hexapod robot controlled by a Fanuc R-30iA controller. The
hexapod platform is fitted with an 8-kW spindle (see Fig. 1),
which can run at a maximum spindle speed of 6000 rpm. The
allowable payload and load moment on the robot are 100 kg
and 60 kgfm, respectively. Such a load capacity enables light-
or medium-duty milling operations to be carried out. The links
of the robot can provide maximum feed rate values of 18 and
90 m/min in vertical (Y-axis) and horizontal (X-Z plane) direc-
tions, respectively.
Robot programming is performed in the following manner:
the reference point of the workpiece is defined to the robot as a
user frame, whereas the tool center point is taught as a tool
frame with respect to the global frame of the robot. The cutter
pass control is performed by converting the cutter location file
into series of linear motion commands recognized by the ro-
bot, where the tool path is generated using Siemens NX9 ©.
3 Milling stability
The equations of motion for a two-DOF milling system need to
be written in feed and cross-feed directions after the frequency
response functions in X and Y directions are measured in the
global robot coordinates, i.e., X and Y. It is noteworthy to empha-
size that once the frequency response functions are measured
along the X, Y directions, the projection of them along the feed
and cross-feed directions is performed through vector algebra,
which are the principal excitation directions. In general, the cutter
feed rate direction can be at any angle, φ, with respect to the X
direction of the robot as illustrated in Fig. 2. One can write the
oriented frequency response functions as follows:
Gf ¼ Gxxcosφþ Gyysinφ
Gcf ¼ −Gxxsinφþ Gyycosφ ð1Þ
The oriented frequency response functions are used in the
stability solution after writing the dynamic forces and displace-
ments in the frequency domain [22]. In Eq. (2), G(iωc) is the
matrix holding the direct and cross-frequency response functions
in feed and cross-feed directions.
Ff geiωct ¼ 1
2
aKt 1−e−iωcT
 
A0½  G iωcð Þ½ |ﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄ}
G0 iωcð Þ½ 
Ff geiωct ð2Þ
The stability of the above frequency domain equation re-
duces to an eigenvalue problem considering that it has a non-
trivial solution only if its determinant is zero [22]:
det I½  þ Λ G0 iωcð Þ½ ½  ¼ 0 ð3Þ
(a) Hexapod platform (b) Milling spindle attached 
Fig. 1 Robotic machining unit Fig. 2 End milling system with oriented frequency response functions
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The eigenvalue, Λ, of Eq. (3) is written in terms of process
parameters:
Λ ¼ − N
4π
Kta 1−e−iωcT
  ð4Þ
Finally, the limiting stable cutting depth for the end milling
system is obtained by writing the eigenvalue, Λ, in terms of the
frequency response functions:
alim ¼ − 2πΛRNKt 1þ κ
2
 
where Λ ¼ − 1
2a0
a1 
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
a21−4a0
q  ð5Þ
In Eq. (5), ΛR is the real part of the eigenvalue Λ. κ is the
ratio between the imaginary and the real part of the eigenval-
ue, which is alsowritten in terms of the chatter frequency,ωc,
and the tooth-passing period, T. In the stability solution pro-
posed by Altintas and Budak [22], a0 and a1 are written in
terms of the direct frequency response functions of the sys-
tem, Gxx, Gyy, and the average directional coefficients αxx,
αyy, αxy, and αyx, which are functions of the start and exit
angles, and the radial cutting force coefficient. The readers
should be notified that in the proposed stability solution, xx
and yy are referred to as the feed and cross-feed directions,
respectively. Therefore, the stability of symmetrical milling
systems is not affected by the feed direction as the oriented
frequency response functions in Eq. (1) will not change with
feed direction. However, the stability of asymmetrical sys-
tems such asmilling robots will be affected by the feed direc-
tion as discussed in the rest of this paper.
4 Dynamics of the robotic machining unit
The machining setup involves a parallel kinematic mecha-
nism (PKM) as being a hexapod robot. Law et al. [23]
mentioned the difficulties in modeling of the joint dynam-
ics, which complicates the modeling efforts to simulate the
dynamics of PKM involved machining units such as the
hexapod robot. Thus, considering the potential accuracy
issues regarding the natural frequencies, and amplitude of
the dynamic response at the tool tip, in this study, the fre-
quency response function (FRF) is experimentally mea-
sured using impact hammer testing rather than simulation.
Nonetheless, one can integrate the proposed approach with
proper simulation models, which can predict the tool tip
dynamics with the effect of the robotic structure. In this
section, representative measurements are discussed to
demonstrate how the robotic structure affects the tool tip
dynamics in terms of position dependency, asymmetrical
behavior, and the ratio of the FRF amplitudes in X and Y
directions.
4.1 Position-dependent dynamics at the tool tip
The dynamic response at the tool tip results from coupling
between the robot, the spindle, the tool holder and the cutting
tool body. Thus, any change in any one of these components
would result in variation in the tool tip dynamics. In this spe-
cific robotic milling application, the dynamic response of the
hexapod robot significantly varies with the machining loca-
tion due to changing lengths and angles of the six struts mak-
ing up the PKM assembly, which would result in variation of
the tool tip dynamics under certain tooling conditions. The
aforementioned position dependency of the robotic milling
setup is assessed by measuring the dynamic response at the
tip of a long and slender milling tool having 16 mm diameter
and 160 mm length, at 30 positions of the robot within a 2D
working envelope of 300 mm × 300 mm, as shown in Fig. 3.
The plotted FRFs in Fig. 3b, c show that the dynamic
response at the tool tip may significantly vary with the
robot position. The low-frequency modes introduced by
the hexapod robot in X and Y directions vary from 50 to
60 Hz, and from 120 to 130 Hz, respectively. Consequently,
the modes introduced by the cutting tool body, at relatively
higher frequencies, vary in terms of the amplitudes and the
natural frequencies. Observing the modes at low frequency
ranges, another important conclusion derived from Fig. 3 is
that the robot introduces asymmetrical dynamics in princi-
pal directions of the tool. The detailed analysis of the posi-
tion dependency can be found in a previous work of the
authors [5, 6].
4.2 Asymmetrical tool tip dynamics
The dynamics of the robotic base is significantly asymmetrical
in X and Y directions as plotted in Fig. 4a. The asymmetrical
modes contributed by the robot lead the higher-frequency
modes to become asymmetrical as well. Because of such a
significant asymmetry, the feed direction becomes significant-
ly important for the stable cutting conditions. Henceforth, this
section discusses the effect of the asymmetrical dynamic re-
sponse at the tool tip on selection of the feed rate direction and
evaluation of machining tool path strategies.
Figure 4a shows that the dynamic response at the tool tip
in the X direction varies as the robot moves from position 1
to position 25; however, the dynamic response in the Y
direction does not show such a significant variation. The
stability diagrams depend on the oriented frequency re-
sponse functions along the feed, Gf, and cross-feed direc-
tions, Gcf. Thus, variation of the ratio between Gxx and Gyy
from position 1 to position 25 will lead to different opti-
mum feed directions while the robot is machining at the
vicinity of these positions. Figure 4b shows the variation of
the peak amplitude of Gf with the feed angle φ at position
1 and position 25. The feed rate direction, leading to the
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minimum peak amplitude of the dominant mode in the
oriented frequency response function, would result in max-
imum stability. For instance, in Fig. 4b, the minimum peak
amplitude of the oriented frequency response function in
feed direction is minimized for the feed angle of 0° and
40°, at robot position 1 and robot position 25, respectively.
Thus, it can be concluded that the variation of the ratio
between Gxx and Gyy significantly affects the optimum feed
rate direction for increased stability, where Gxx and Gyy are
the frequency response functions measured in the global X
and Y-axes of the robot.
Figure 5 shows the variation of the ratio between Gxx
and Gyy with robot position, for the representative cutting
tool used in this example. It is observed that the Gxx to Gyy
ratio significantly varies with the robot position, both at
low frequencies and at high frequencies. For instance, the
higher-frequency mode introduced by the cutting tool be-
comes more flexible in the X direction with respect to the Y
direction as the robot gradually moves from position 1 to
position 21. The amplitude of Gxx with respect to Gyy is 2
when the robot is at position 1, which increases up to 3
when the robot goes to position 21. This is an important
observation in order to understand how the optimum feed
rate direction would be affected by the asymmetrical and
position-dependent dynamics introduced by the robotic
platform.
5 Stability-based tool path selection
The previous sections discussed the variations in the tool tip
dynamics with the effect of the robotic platform, which
(a) Effect of robot position (b) Variation of peak amplitude 
in feed direction
Fig. 4 Asymmetrical tool tip
FRF. a Effect of robot position. b
Variation of peak amplitude in
feed direction
(a) Robot positions
(b) Gxx vs Y movement of the robot (c) Gyy vs Y movement of the robot 
Fig. 3 Position-dependent tool
tip FRF in 2D work envelope. a
Robot positions. b Gxx vs Y
movement of the robot. cGyy vs Y
movement of the robot
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significantly affects the preferable feed direction for increased
stability in robotic milling. Henceforth, this section presents
the algorithm developed to select the tool path pattern.
Initially, the effect of feed direction on stability diagrams is
discussed, which is followed by the determination of the pref-
erable feed direction and evaluation of a given milling tool
path pattern.
5.1 Effect of feed direction on stability limits
The tooling case given in Section 4 is considered to demon-
strate the effect of the feed rate on the stability diagrams. The
frequency response functions Gxx and Gyy are measured at
position 1 and position 25, where the robot is located at the
Z = −100 mm plane with respect to its reference frame. Then,
Gxx and Gyy are oriented in feed and cross-feed directions for
feed angles varying from 0° to 90°, which are used in simu-
lation of the stability diagrams for varying feed directions. The
oriented frequency response functions in feed direction, at
position 1 of the robot, are plotted in Fig. 6a, where it gradu-
ally diverges from Gxx to Gyy as the feed angle is varied from
0° to 90°. The stability diagrams are generated for 18° of feed
angle increments, for half immersion down milling of
AL7075 material with average cutting force coefficients of
Kt = 800 MPa and Kr = 300 MPa.
Figure 6b shows that the stability diagram varies with the
feed direction in terms of both absolute stability and location
of the stability lobes. In this specific case, the maximum ab-
solute stability limit is observed around 0.6 mmwhen the feed
direction is in 90°, i.e., cutting along the Y direction. However,
as the stability lobes are concerned, there is a large common
Fig. 5 Variation of Gxx/Gyy with robot position
(a) Variation of the feed direction oriented frequency response function.  
(b) Variation of stability diagrams with feed direction at position 1. 
radial depth:25% radial depth:50% radial depth:75%
(c) Variation of optimum feed direction with robot position. 
Fig. 6 Effect of feed direction on
stability limits. a Variation of the
feed direction-oriented frequency
response function. b Variation of
stability diagrams with feed
direction at position 1. c Variation
of optimum feed direction with
robot position
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region of stability lobes for varying feed directions around
5000 rpm. It means that increased stability can be achieved
by either adjusting the feed direction or setting the spindle
speed accordingly.
In this study, the effect of the feed rate direction and hence
selection of the machining tool path pattern is proposed for an
XY plane, where the Z location of the robot is known by the
workpiece geometry. The variation of the dynamic response
with a limited positional change of the robot in the Z direction
is ignored assuming that the robot moves in a range of 20 mm
along the Z direction, for planar cuts. However, it should be
kept in mind that if the robot’s Z location with respect to the
workpiece is to be decided, the dynamics and stability of the
robot should be considered in a 3D volume as detailed in a
previous study of the authors [5].
5.2 Determination of the optimum feed direction
and evaluation of milling tool path patterns
The feed direction significantly affects both the absolute sta-
bility limit and the location of possible common stability
pockets. In this regard, the feed direction leading to the max-
imum absolute stability limit may not lead to the maximum
stability limit within the common stability pocket for all robot
positions. Therefore, in this study, the optimum selection of
feed direction is considered both in a local and a global man-
ner. The local optimum feed direction is considered to evalu-
ate a milling path pattern in terms of absolute stability limit,
whereas the global optimum feed direction is considered in
terms of the maximum stability limit for the common stability
pockets.
Calculation of the stability diagram requires the radial
depth of cut to be known, which affects the optimum feed
direction due to the directional coefficients. The effect of
the radial depth of cut on the maximum chatter-free cutting
conditions was previously studied by Budak and Tekeli
[24], where a procedure to select the radial depth of cut
leading to maximum chatter-free material removal rates
was proposed. Thus, it is noteworthy to state that selection
of the radial depth of cut should be performed priorly due
to its effect on the local and global optimum feed rate
directions. For this specific case, the optimum feed direc-
tions are selected for radial depth of cut values of 25%,
50%, and 75% of the tool diameter as shown in Fig. 6c,
at 25 distinct locations of the robot (see Fig. 3a). It is seen
that the preferable feed direction for increased absolute
stability varies with both robot position in the same XY
plane and the radial depth of cut.
CAM packages offer several default milling tool path pat-
terns such as “zig,” “zig-zag,” and “follow periphery” as illus-
trated in Fig. 7. In the zig pattern, the feed direction is set and
all the tool path lines are parallel to each other while keeping
the same cutting mode, either down or up milling. In the zig-
zag pattern, the feed direction is set and the rest of the tool path
lines are parallel to each other but the cutting mode is altered
between down milling and up milling. In either the zig or the
zig-zag pattern, a single feed direction can be selected along
any direction. In the follow periphery pattern, the cutting
mode is kept constant but the feed direction is varied from
0° to 90° with respect to the X-axis.
The local feed rate directions are governed by the selected tool
path pattern. Thus, milling stability should be considered using
the local feed directions as the robot moves throughout the
workspace. As continuous tracking of the variation of the
positional-dependent dynamics at the tool tip is not practical,
the area covered by the tool path is discretized into the number
of points, where the dynamics and stability of the process are
assessed. Then, the candidate tool path patterns are evaluated
according to the achievable absolute stability limit as summa-
rized in Fig. 8, where the absolute stability index, i.e., ASI, is
calculated as follows:
ASI ¼ ∑
N
p¼1
apabs
apabs;opt
ð6Þ
In Eq. (6), p is the corresponding local point index; N
is the total number of local points, apabs is the absolute
stability limit obtained at point p, along the feed direction
(a) zig pattern (b) zig-zag pattern (c) follow periphery pattern
Fig. 7 Default tool path patterns
offered by CAM packages. a Zig
pattern. b Zig-zag pattern. c
Follow periphery pattern
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imposed by the tool path pattern; and apabs;opt is the abso-
lute stability limit obtained along the optimum feed
direction.
6 Case study
This section demonstrates the application of the proposed ap-
proach for milling tool path pattern selection in a pocketing
operation for an increased chatter-free material removal rate.
In the first simulation study, the local and global optimum feed
directions are selected, whereas in the second study, the de-
fault milling tool path patterns are compared with respect to
the absolute stability index. Then, the results are verified
through representative experiments in Section 6.2.
6.1 Simulations
6.1.1 Selection of the local and global optimum feed
directions
The case study involves milling of an AL7075 part having
pocket dimensions of 300 mm × 300 mm × 20mm. The radial
depth of cut and the cutting mode are selected as 50% and
down milling, respectively. A 25-mm-diameter end mill with
two cutting inserts is used (see Fig. 3a). In this specific case,
the robot is at Z = −300 mm plane with respect to its global
reference frame. Themachining area is divided into 49 distinct
points (7 along width × 7 along height) at those the tool tip
FRF is measured. The distance between the measurement po-
sitions is selected as double of the tool diameter, i.e., 50 mm.
In order to smooth the variation of feed directions, a near-
(a) Variation of stability limits with feed direction (position 38). 
(b) Absolute stability optimal local 
feed directions
(c) Overall stability diagrams.
Fig. 9 Selection of optimum/
near-optimum feed directions. a
Variation of stability limits with
feed direction (position 38). b
Absolute stability optimal local
feed directions. c Overall stability
diagrams
Fig. 8 Algorithm to evaluate the
default tool path patterns
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optimum feed direction is defined for the points whose opti-
mum direction seems to be an outlier. A feed direction is
nominated as near optimum if the corresponding absolute sta-
bility limit is within a 10% tolerance with respect to that of the
optimum feed direction. The nominal cutting speed is selected
as 260 m/min considering the dry cutting of AL7075, which
corresponds to a spindle speed around 3300 rpm. However,
considering the lobbing effect, the stability diagrams are cal-
culated for the spindle speed range of 2800 to 3800 rpm.
At position 38, the variation of the absolute stability limit,
i.e., aabs, and the max stability limit around the 3300-rpm lobe,
i.e., alim, with the feed rate direction are plotted in Fig. 9b. It is
seen that 15° of feed direction is in terms of the absolute
stability limit; however, the near-optimum feed direction
range is quite wide up to 60°. As the maximum stability limits
at the stability pocket around 3300 rpm are considered, the
feed direction of 50° seems to be optimal and the range from
45° to 70° can be considered as near optimum. The selection
procedure is performed similarly for other robot positions,
where the optimum feed direction and the range of near-
optimum feed directions based on the absolute stability limit
are plotted in Fig. 9b. The stability diagrams calculated at each
robot position along the local optimum feed directions are
plotted in Fig. 9c.
In Fig. 9b, the absolute stability optimal feed directions are
depicted as smoothly varying within a feed angle range from
40° to 55° except some outliers. However, as the near-
optimum feed directions are considered, the outliers are
smoothed to fit in the general feed angle range from 45° to
55°. Thus, it can be concluded that the zig pattern along 50° of
feed direction would be the strategy leading to increased ab-
solute stability for the down milling mode at 50% radial depth
of cut. Overall, the absolute stability limit can be increased
from 0.1 to 0.16 mm by adjusting the feed direction, which in
return leads to 33% of time saving if the cutting depth is set at
the absolute stability limit. Even more time saving can be
achieved as the common stability pocket is considered, which
provides 0.25 mm of stability limit around 3600 rpm.
6.1.2 Evaluation of the default milling tool path patterns
The default milling tool path patterns are compared in terms of
the absolute stability index. In order to keep the same cutting
mode, i.e., down milling, throughout the tool path, only the
zig and follow periphery patterns are considered. The zig pat-
tern is applied in two main feed directions, i.e., 0° and 90°.
Thus, the tool path patterns under consideration are named as
ZIG0, ZIG90, and FP. The local feed rate directions corre-
sponding to these patterns are depicted in Fig. 10.
The stability lobes around the 3300 rpm of spindle speed
are calculated at all robot positions using the corresponding
feed directions, as plotted on top of each other in Fig. 11. It is
seen that due to variation of the tool tip FRFs with the robot
position, the stability lobes shift both horizontally and
 (a) Zig pattern (0
o
) Z(b) ig pattern (90
o
) 
(c) Follow periphery pattern 
Fig. 10 The local feed rate
directions for the default patterns.
a Zig pattern (0°). b Zig pattern
(90°). (c) Follow periphery
pattern
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vertically. As a result, the area of the common stability pocket
varies significantly.
In Fig. 11a, the stability diagrams generated for the ZIG0
pattern are plotted, where the lobes show a good grouping
behavior resulting in relatively wider stability pockets.
However, the FP pattern is considered in Fig. 11c; there is
almost no common stability pocket. In this study, the relation
of stability pockets with the feed rate directions is only studied
through default tool path patterns. However, determination of
an optimum tool path pattern requires an optimization tech-
nique that considers the combinatorial relation between the
feed rate directions at all robot positions.
The variation of the absolute stability limits, corresponding
to each milling pattern, throughout the workspace is plotted in
Fig. 12, where it is seen that the ZIG0 pattern results in better
absolute stability compared to the other two, i.e., ZIG90 and
FP. The optimized milling pattern results in minimum and
maximum absolute stability limits of 0.158 and 0.358 mm,
respectively, depending on the robot position. The minimum
andmaximum absolute stability limits for the ZIG0 pattern are
0.147 and 0.295 mm, respectively. The ZIG90 pattern leads to
the worst absolute stability at most of the robot positions. The
comparison of the default milling patterns is given in Table 1.
6.2 Experimental demonstration
In this section, the simulations are experimentally validated by
performing representative machining tests using the ZIG0 and
ZIG90 patterns, where the spindle speed and cutting depth are
selected according to the stability lobes given in Fig. 11a, b. It
is aimed at demonstrating that the simulations are accurate
enough to select the appropriate tool path pattern for the case
study. In the experiments, it is aimed to verify the tool path
pattern selection both based on the absolute stability limit and
the stability pockets. The spindle speed and cutting depth are
listed in Table 2, which are marked on panels a and b of
Fig. 11, respectively, as well. The FFT of the vibration data
collected in the feed direction is plotted in Fig. 13.
The comparison of panels a, b, and c of Fig. 13 shows that
the absolute stability limit was predicted accurately for the
ZIG0 pattern. The tooth passing frequency, ωt, is 111 Hz,
whereas the chatter frequency, ωc, rises around 500 Hz, which
is in between the fourth and fifth multiples of the tooth passing
frequency. Then, a comparison of panels c and e of Fig. 13
shows that the prediction of the maximum stability with the
lobbing effect is reasonably accurate. As the ZIG90 pattern is
considered, it is experimentally shown that the absolute sta-
bility limit is lower than 0.15 mm, which was predicted to be
0.1 mm. The maximum stability limit achieved in the experi-
ments was 0.2. At 3420 rpm, the test at 0.4 mm depth dem-
onstrated chatter frequency around 511 Hz (see Fig. 13g),
whereas the test at 0.2 mm depth was clear of any chatter
Table 1 Comparison of milling patterns in terms of absolute stability
limits
Optimized ZIG0 ZIG90 Follow periphery
Min aabs (mm) 0.158 0.147 0.105 0.119
Max aabs (mm) 0.358 0.295 0.229 0.295
ASI (%) 100 89 69 79Fig. 12 The stability lobes and absolute stability limits for each milling
pattern
(a) ZIG0  (b) ZIG90  (c) Follow periphery (FP)
Fig. 11 Stability diagrams for the default milling patterns. a ZIG0. b ZIG90. c FP
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frequency as shown in Fig. 13f. The experimental verification
also showed that ZIG0 leads to a 50% increase in absolute
stability limits compared to ZIG90, whereas there is around
100% increase in the maximum stability limit, which can be
achieved in the stability pockets.
7 Conclusions
This paper presents an approach to evaluate and select tool
path patterns for increased chatter-free MRR in robotic mill-
ing. The machining area is divided into number of distinct
points. Then, the optimal feed direction is decided based on
the maximum absolute stability at each region considering the
asymmetrical and position-dependent tool tip dynamics. It is
shown that the feed direction leading to the maximum stability
is significantly affected by the asymmetrical and position-
dependent tool tip dynamics due to the modes introduced by
the robotic structure. Due to the directional effects and
positional dependency, the optimum feed direction becomes
a function of the radial depth of cut and robot position, respec-
tively. In the case study, it is shown that the presented ap-
proach can be used to select the tool path pattern and feed
direction either locally or globally. It is also demonstrated that
selection of the local feed direction based on absolute stability
may not always lead to the maximum stability limit due to the
stability pockets. This is mainly because the location of the
stability pockets depends on the feed direction, as well. By
proper selection of the machining strategies, the absolute sta-
bility can be increased by around 50%, whereas the maximum
stability limit can be increased up to 100%. The presented
approach has potential to be applied on five-axis surface mill-
ing once it is integrated with a five-axis milling process model,
which can predict the stability limits in five-axis milling.
Selection of local feed directions considering the location of
stability lobes requires a recursive combinatorial optimization
approach such as dynamic programming, which can be con-
sidered as a future extension of the current study.
(a) CUT1
(d) CUT5 
(b) CUT2 
(e) CUT4  
(c) CUT3
(f) CUT7 (g) CUT6
Fig. 13 FFTof the vibration data
to assess milling stability. a Cut 1.
bCut 2. cCut 3. dCut 5. eCut 4. f
Cut 7. g Cut 6
Table 2 Experiment conditions
Pattern Cutting depth (mm) Spindle speed (rpm) Selection criteria Condition
Cut 1 ZIG0 0.15 3330 Absolute stability Stable
Cut 2 ZIG0 0.3 3330 Absolute stability Marginal
Cut 3 ZIG0 0.4 3330 Absolute stability Chatter
Cut 4 ZIG0 0.4 3800 Stability pocket Stable
Cut 5 ZIG90 0.15 3000 Absolute stability Chatter
Cut 6 ZIG90 0.4 3420 Stability pocket Chatter
Cut 7 ZIG90 0.2 3420 Stability pocket Stable
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